to O chemisorption, it is also expected to substantially influence the electronic band structure, enabling a more efficient engineering of its electronic 14, 16 and optical 26 properties.
Here we show that the basal plane of the MoS 2 monolayers, when subjected to longterm ambient exposure, spontaneously undergo such oxygen-substitution reactions giving rise to a highly crystalline two-dimensional molybdenum oxy-sulfide phase.
Results and discussion

Ambient oxidation of the basal plane revealed at single-atom level
We have prepared mechanically exfoliated MoS 2 single layers on atomically flat Au (TEM). However, detecting light atoms such as oxygen with TEM is challenging due to their low contrast and easy knock-out 29, 30 . By contrast, STM measurements can detect the unaltered structure of such oxygen defects due to its atomic resolution capability and the low energy of the tunneling electrons 31 . Due to the slow oxidation reaction, and the noninvasive nature of the measurements, the structure and number of oxidation induced defect sites did not change during the STM imaging, enabling us to acquire atomic resolution snapshots of the oxidation process.
Atomic resolution STM images of the basal plane of a mechanically exfoliated MoS 2 single layer after 1 month and 1 year of ambient exposure are shown in Fig. 1b and ( Supplementary Fig. 2 ). After a month of ambient exposure our STM measurements revealed the formation of new point defects all over the basal plane increasing their concentration into the 3×10 12 -2×10 13 cm -2 range (Fig. 1b) . The increase of the atomic scale defect concentration (up to 5×10 13 -10 14 cm -2 ) appears more strikingly after a year exposure (Fig. 1c) , when a substantial area of the sample surface is already covered by such defects, clearly evidencing the ability of the ambient exposure to create new defect sites in the basal plane structure of 2D MoS 2 crystals. Although the defect density shows some spatial variation, as evidenced by the concentration ranges provided above, the effect of the ambient exposure time is more significant. Higher resolution STM images (Fig. 1d) 5 ) and photoluminescence (PL) measurements. PL spectra on aged samples revealed a new peak at 1.75 eV that is not present in freshly exfoliated samples (see Supplementary Fig. 6 ).
This peak can be clearly associated with vacancy type defect formation 35, 36 . Moreover, it has been shown that such peak does not emerge under ultra-high vacuum conditions; the charge transfer induced by the saturation of vacancies with environmental species (oxygen, nitrogen)
is necessary 36 . These findings further support our STM and simulation data on the formation of oxygen saturated S vacancies.
The Since the oxidation process is expected to be kinetically limited 14, 16 , by increasing the temperature, the oxidation speed should also increase. We have subjected a freshly exfoliated MoS 2 /Au (111) sample to air inside a furnace heated to 400 K for one week. Subsequent STM investigation revealed a similar defect formation as at room temperature, but the oxygen site concentration reached values of 8×10 12 -3×10 13 cm -2 already after a week of exposure (see Supplementary Fig. 7 ). This clearly indicates that the oxygen substitution process has been accelerated by increasing the temperature. Furthermore, this observation also excludes the possibility that the ambient oxidation occurs due to the accidental presence of some more reactive oxygen species (e.g., ozone, superoxide, singlet oxygen). Increasing the temperature form 21°C to 127°C is not expected to significantly increase the formation of such reactive species. The accelerated oxygen substitution process at higher temperatures also provides a more feasible route for the synthesis of oxy-sulfide crystals.
The substitutional oxidation of MoS 2 basal plane yields a novel 2D MoS 2-x O x solid solution crystal phase (Fig. 1a) .The formation of MoS 2-x O x solid solution phase has already been proposed for sputter deposited MoS 2 films 37,38 ,39 . However, so far the structure of the synthesized molybdenum oxy-sulfide films was found to be amorphous or highly disordered with poor long-range crystalline order 40 
The energetics and kinetics of oxygen substitution
Based on the existing literature, it is difficult to interpret the experimentally observed striking differences in the ambient oxidation behavior of 2D MoS 2 and MoSe 2 basal planes.
However, most theoretical works so far focused on the chemisorption mechanism. Indeed, our experimental results confirm that the pristine basal planes of both (Fig. 3a) . The enthalpy of the reaction is calculated using the formula: ∆E = E (Fig. 3d) . Consequently, both energetics and kinetics support our experimental findings on the differences between the oxidation of the 2D MoS 2 and MoSe 2 basal planes, reflecting the different oxidation mechanisms of sulfur and selenium based compounds. Furthermore, the kinetic barriers of about 1 eV height for the substitutional oxidation of MoS 2 are predicted to be surmounted at room temperature on month's timescale, according to transition state theory 43 .
Although the basal plane of the MoSe 2 appears more stable, the overall environmental stability of the crystals is also dependent on their edge oxidation speed. We found that the oxidation proceeds much faster at the edges of MoSe 2 single layers than on the MoS 2 edges
( Supplementary Figs. 8 and 9 ). Adsorbed contaminations are naturally present on both MoS 2 and MoSe 2 surfaces subjected to ambient conditions. However, their role in the ambient oxidation process is expected to be more pronounced at edges and grain boundaries 13, 15 , as they are known to preferentially attach to these high-energy sites instead of the pristine basal plane.
While structural disorder induced by invasive oxidation is unlikely to be fully reversible, the substitutional oxidation of the MoS 2 basal plane does not damage the crystal lattice, so it can in principle be suitable for a fully reversible reduction. Indeed, we found that a simple annealing of the MoS 2-x O x crystals in H 2 S atmosphere at 200°C for 30 minutes is able to fully restore the atomic structure of the pure 2D MoS 2 phase. Two representative atomic resolution STM images of the MoS 2 basal plane before and after the reduction (Fig. 4) clearly evidence that 2D MoS 2-x O x solid solution crystals can be reduced to the pure, almost defect-free MoS 2 phase. The feasibility of such a reduction process is also supported by our DFT calculations ( Supplementary Fig. 10 ). The atomically perfect reduction of the oxidized 2D MoS 2-x O x crystals enables a highly efficient engineering of their surface chemistry.
Catalytic activity of 2D MoS 2-x O x crystals towards hydrogen evolution
To investigate how the oxygen substitution sites change the properties of After an initial slight decrease by about 10%, the current density stabilizes, indicating a good long-term stability of the catalytic process ( Supplementary Fig.11 ). Confocal Raman microscopy maps revealed that the 2D MoS 2-x O x layer is still continuous after 1000 cycles and the measured Raman spectra remained practically unaltered ( Supplementary Fig.12 ), while atomic-resolution STM measurements confirmed that the O-substitution sites are present after the catalytic process ( Supplementary Fig.11 ).
A widely used parameter for predicting the catalytic activity of various sites is the hydrogen adsorption Gibbs free energy (ΔG H Potential sweeps were acquired at a scan rate of 2 mV/s using a Bio-Logic SP-150 potentiostat.
Computational details. All calculations were performed on TMDC single layers in the framework of spin-polarized DFT theory implemented in the VASP software package, using the plane wave basis set and projector augmented wave method. Exchange-correlation effects were taken into account in the framework of local density approximation (LDA) and generalized gradient approximation (GGA) by Perdew-Burke-Ernzerhof (PBE) functional.
The defects were modelled in periodically repeated 88 supercells. The Brillouin zone of the supercells was sampled with (2×2×1) Monkhorst−Pack mesh of k-points for geometry optimization and (441) for STM-image calculations. The cutoff energy for the plane-wave basis set was set to be 400 eV. To avoid artificial interactions between periodic replicas of low-dimensional nanoclusters, a vacuum interval of 15 Å was introduced in all supercell geometry. The nudged elastic band (NEB) method was applied for modeling transitional states and finding potential barriers of MoS 2 and MoSe 2 oxidation.
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